ABSTRACT The cocoon of Lithurgus chrysurus Fonscolobe, a univoltine species belonging to the megachilid subfamily Lithurginae, was studied using polarization microscopy and topochemical methods. The aim of the study was to establish the composition and structure of the cocoon wall of this bee in comparison with reported data for other species of this subfamily. The cocoon was found to be composed by macromolecularly oriented, positively birefringent silk protein layers that acquire a complex and thicker multilayered distribution at its rear zone. Although the composition and distribution of the silk threads in this speciesÕ cocoon was considered similar to the previously described patterns for other lithurgine bees, the absence of a mucous layer, typically produced by Malpighian tubules, differed from reported data for other species of the same subfamily.
Over the past quarter century, a number of studies (e.g., Mello and Garó falo 1986; Mello et al. 1987; Torchio 1989a,b; Westrich 1989; Rozen and Hall 2012) have been published on cocoons of Megachilidae revealing their complex and diverse structure. These papers often refer to the nature and source of the materials that the female bees use to construct the cocoons, and to the adaptive functions of cocoons. All megachilids spin cocoons, although many other bee lineages have lost the ability to do so. Bee cocoons provide protection for the developing pupae and adults and are produced only by the last larval instar (Michener 2007) . The forms of protection may be various. Certainly protection from invading predators and parasites comes to mind, as many kinds of ßies, parasitic wasps, and beetles, not to mention other kinds of invertebrates, are known to attack immature bees. Protection against temperature extremes seems less likely, as most developing bees are ground nesting, so that cell temperatures are moderated by surrounding earth. With above ground nesters such as Lithurginae and many Megachilinae, this might be a consideration, especially for exposed nests not encased in wood. However, what protection against temperature extremes can be provided by cocoon fabric holding poikilothermic bees is questionable. Humidity control by cocoon fabric is a different matter. Recent studies of cocoons of both Megachilidae (e.g., Hall 2011, 2014; Rozen 2013; Rozen and Wyman 2014) and Apidae (e.g., Rozen and Buchmann 1990 , Michelette et al. 2000 , Straka and Rozen 2012 have demonstrated they possess a thin inner layer of transparent material that is essentially airtight and therefore watertight except for a small area that permits ventilation of the cocoon, thereby giving the inhabitant air to survive for many months at a time.
Through his SEM examination of cocoons of both megachilids and apids, J.G.R. became aware that the thin, transparent inner lining of the cocoon that provides the airtight quality of the fabric was underlain by a network of silk threads in all observed species. Thus when viewed from inside the cocoon by stereoscope, the observer sees silk threads that lie under the transparent surface and others that partly fuse with the surface. When examined with an SEM after coating with gold or palladium, the inner surface is revealed as a continuous sheet of material with impressions of silk threads but without openings except for the area allowing ventilation (gas exchange). This raises the question: is the thin transparent surface made of some material such as Malpighian tubule secretion or excretion that has been applied to the silk threads, thus manufacturing a composite material? Such cocoon materials have been identiÞed in papers by Mello and Vidal (1971, 1979) , Mello (1982) , Mello and Kerr (1984) , Mello and Garó falo (1986) , Mello et al. (1987), and Torchio (1989a) . Alternatively, might the thin Þlm be silk itself, as silk when Þrst extruded from the salivary lips seems to be capable of seamlessly bonding with silk threads previously deposited? Thus the purpose of this study was to determine whether the inner surface of the cocoon is composted solely of salivary gland silk or is it composed in part from silk and also some other substance coming from the Malpighian tubules via an anal discharge. Learning of the research carried out by M.L.S.M. Þrst through her work on Lithurgus and relatives and then of her cocoon studies of apids (Mello 1982 , Mello and Kerr 1984 , Mello and Garó falo 1986 , Mello et al. 1987 , the Þrst author (J.G.R.) requested her knowledgeable assistance resulting in most of the remainder of this manuscript.
Materials and Methods
The cocoons of Lithurgus chrysurus Fonscolombe (Megachilidae: Lithurginae) used in this study were collected from piled Þrewood in Palmerton, Carbon County, PA (40Њ 48.700Ј N, 75Њ 35.870Ј W) on 3 October and 26 October, 2012 (J.G.R., at Lehigh Gap Nature Center; see Acknowledgments). This species is native to the circum-Mediterranean region of the Old Word, but was inadvertently introduced into New Jersey and discovered there in the early 1970s, as Þrst reported by Roberts (1978) . Although thought to have become extinct afterward, its recent discovery so close to the original site is likely an indication that it has remained undetected during the last 35 yr. In addition to RobertÕs original description of its nesting biology and immature stages, these matters have also been treated in several recent papers (Rozen 2013 , Rozen and Hall 2014 , Rozen and Wyman 2014 based primarily on specimens found at the Pennsylvania site.
L. chrysurus is univoltine and has only one kind of cocoon. It is therefore unlike Microthurgus corumbae (Cockerell), which is bivoltine. The cocoon spun by the relatively brief Þrst generation of M. corumbae consists of a single silk layer, and that of the long second generation is a complex multilayered structure (Mello and Garó falo 1986) , presumably an adaptation allowing the inhabitant to withstand diverse environmental ßuctuations and exposure to parasite and predator attacks over a long period until the following year (see Discussion).
Sample Preparation. The cocoons were immersed in absolute ethanol for 1 h, followed by baths in ethanolÐn-heptane (1:1, vol:vol) for 30 min, n-heptane for 30 min, Cedar wood oil for 10 d under vacuum, nheptaneÐHystosec medium (Merck, Darmstadt, Germany) (1:1, vol:vol) for 1 h, and two baths in Hystosec (1 h each) at 58ЊC under vacuum. n-Heptane was used as a substitute for xylene because it is less hazardous and a more environment-friendly alternative (Stockert et al. 2012) . Then the cocoons were embedded in Hystosec medium and serially sectioned at 7 and 40 m thicknesses from the rear zone to the middle zone of the structure. The rear zone was identiÞed based on RozenÕs descriptions (2013). These sections were stained with hematoxylin-eosin, or kept unstained for polarization microscopy examination, or even subjected to some topochemical tests for proteins, including glycoproteins, hydrophobic residues, and acid glycosaminoglycans.
The observations were made with: 1) a Carl Zeiss Axiophot 2 photomicroscope (Oberkochen, Munich, Germany) equipped for polarization and epißuores-cence microscopies using a Zeiss Axiocam HRc camera and Kontron KS400-3 software; and 2) an Olympus BX51 polarization microscope (Tokyo, Japan) equipped with an Olympus Q-color 5 camera, and UPlan FI 40ϫ/0.75P objective, and Image Pro-Plus 6.0 software (Mediacybernetics, Bethesda, MD).
Polarization Microscopy. Birefringence sign and qualitative views of optical anisotropy images were investigated in unstained cocoon sections immersed in water. For detection of the birefringence sign, the long axis of the unstained cocoon Þlamentous threads was positioned at 45Њ with respect to the crossed polarizerÐ analyzer and parallel to the gamma direction of a Þrst-order red compensator. Stained sections were used for investigation of selective absorption of polarized light (ϭlinear dichroism; Vidal and Mello 2005) and interference colors of birefringence (Mello et al. 2007) . Birefringence is the optical phenomenon provided by a medium with asymmetrical and oriented spatial arrangement of molecules presenting more than one refractive index (Bennett 1967) . Birefringence sign, positive or negative, depends on the different velocity of light propagation with respect to the lengths of the principal axes of the anisotropic structure (Bennett 1967) . Linear dichroism in biological materials observed at the visible light spectrum is an optical phenomenon induced by the orientation of the stained substrate. Both birefringence and linear dichroism Þndings allow us to identify whether materials under observation are macromolecularly oriented (Mello and Vidal 1973, Vidal 2010) .
Topochemical Tests. Proteins. Total electropositive radicals expected from proteins were investigated in sections stained with 0.025% ponceau SS (Sigma, St. Louis, MO) solution in 3% acetic acid at pH 2.5 for 10 min (Vidal and Mello 2005) . Ponceau SS is a sulfonated azo dye that, in addition to electrostatically binding protein positive radicals, has a geometric and chemical structure that meets the conditions to determine whether linear dichroism occurs in the stained substrate (protein), provided it is macromolecularly oriented (Vidal and Mello 2005) . Some sections were also subjected to PAS reaction, a classic assay for glycoproteins, starch, and glycogen. Richness in hydrophobic residues was searched in sections treated with a 0.1% solution of 8-anilino-1-naphthalene sulfonic acid sodium salt (ANS, Kodak T484) in butanol for 30 min in the dark (Vidal 1978) . All the preparations were mounted in eukitte.
Acid Glycosaminoglycans (GAG). These components were investigated in sections treated with 0.025% toluidine blue (Merck) solutions in 0.1 M citric acid and 0.2 M anhydrous disodium phosphate buffer at pH 2.5, 4.0, and 5.0 (Lison 1960) . Preparations treated with 1% alcian blue 8GX (Gurr Ltd, London, England) solutions at pH 2.5 (Lison 1960 ) and 1.0 (Lev and Spicer 1964) were also examined under unpolarized and polarized light as a search for interference colors of birefringence (Mello et al. 2007 ). If GAG mucous components occurred in the cocoon wall, they could be revealed by staining with toluidine blue or alcian blue solutions under unpolarized light (Lison 1960) and their macromolecular orientation searched under polarized light (Mello and Vidal 1973 , Vidal and Mello 1984 , Mello et al. 2007 ). This kind of observation has been described for Bombus atratus Franklin cocoons (Mello 1982) . All the preparations were mounted in eukitte.
Fluorescence Microscopy. Analysis of the ßuores-cence of the cocoons stained with ANS was carried out using adequate exciter Þlter, various barrier Þlters, and UV light.
Results
In cross sections of the middle zone of the cocoon of L. chrysurus, layers of thin twisted Þlaments distributed parallel to the cocoon surface constitute a Ϸ10-m-thick wall structure (Fig. 1) . Close to the cocoonÕs rear zone a much thicker structure made of Þlaments distributed parallel to its surface was observed (Fig. 2) . Cross sections cut at the rear zone of the cocoon showed an entanglement of Þlaments along various planes of distribution (Figs. 3 and 4) . Probably owing to the pattern of Þlament distribution, the existence of fenestrations previously described at this cocoon zone (Rozen 2013) could not be observed.
Examination of the cocoon sections in unstained or stained preparations under polarized light and crossed polarizerÐanalyzer revealed intense birefringence brilliance with variable interference colors owing to variable thickness, packing states, and angle of orientation of the cocoonÕs Þlamentous structures with respect to the plane of polarized light (Figs. 1Ð 4) . The variability in interference colors of the birefringence intensity was especially observed in the 40-m-thick unstained sections (Figs. 3 and 4) . The birefringence sign of these Þlaments is positive because of the blue and yellow interference colors acquired by these Þl-aments when they are positioned parallel and perpendicular, respectively, to the gamma direction of a Þrst-order red compensator (Vidal 2010; Figs. 5 and 6) .
The cocoon wall observed under unpolarized light appeared brownish-yellow in unstained preparations. In some few sections treated with the ponceau SS solution, which reveals proteins (Vidal and Mello 2005) , only the outer layer of the structure cut at the middle region of the cocoon (sometimes detached from the innermost layer) as well as part of the structure cut at the rear region of the cocoon appeared stained in pink (Figs. 7 and 9 Ð11). The regions that responded positively to the ponceau SS dye exhibited birefringence of a red interference color (Figs. 8 and  12 ) and sometimes showed band-like structures of densely packed threads (Fig. 9) . Only the Þlaments that stained strongly in the rear zone of the cocoon showed a positive linear dichroism, e.g., the Þlaments appear more intensely absorptive when oriented parallel to the plane of polarized light (Figs. 10 and 11) . The Þlamentous layers of the cocoon did not stain with hematoxylin-eosin or with the PAS reaction for glycoproteins (Fig. 13) , except in a few places in the outermost of the cocoon wall close to pollen grain remnants.
When treated with ANS, the cocoon wall did not show the blue ßuorescence typical from available hydrophobic residues using the barrier Þlter of ϭ 410 nm, although exhibited faint green and red ßuores-cence after examination with barrier Þlters of other wavelengths (Figs. 14 Ð17) .
The cocoon wall did not stain with toluidine blue or alcian blue solutions (Fig. 18) nor did it show anomalous colors of birefringence after exposition to alcian blue as found in macromolecularly oriented GAG mucus components (Mello et al. 2007) .
Although pollen grain remnants were observed outside the cocoon or artifactually displaced during section preparation over the cocoon wall, they were not seen to be incorporated in its structure (Figs. 13 and 14 Ð18). Microorganisms were occasionally observed outside the cocoon and also inside the cocoon wall (Fig. 13) .
Discussion
Present results, especially those concerning positive birefringence of the Þlamentous layers that make up the cocoon of L. chrysurus, and results found after topochemical tests for proteins and GAGs were accomplished, indicate that this structure is composed of silk (Flower and Kenchington 1967; Mello and Vidal 1971, 1979) . Cocoons of other lithurgine bees and of social bees have also been demonstrated to contain silk proteins, although Malpighian tubule mucous secretions may also contribute to the formation of these structures (Mello 1982 , Mello and Kerr 1984 , Mello and Garó falo 1986 , Mello et al. 1987 ). This is not the case for L. chrysurus because a mucous secretion was not evident with topochemical assays for acid glycosaminoglycans in thin or thicker sections of middle, close to rear, and in the rear zones of its cocoon. If acid glycosaminoglycans were present in this cocoon wall, a component of the cocoon wall stained blueish or violet (metachromasy) would be evident after treatment of the preparations with the toluidine blue solution at pH 4.0 (Lison 1960, Mello and Vidal 1973) or blueish-green would be observed with the alcian blue solution at pH 2.5 (Lison 1960 , Mello et al. 2007 .
The fact that the silk layers of the L. chrysurus cocoon acquire a brownish-yellow color in unstained sections and do not stain in their totality with ponceau SS, a dye that speciÞcally reveals structural proteins (Vidal and Mello 2005) , nor with eosin, which generally stains proteins, is probably owing to sclerotization of the cocoon silk protein by aromatic compounds like polyphenols. This phenomenon has also been found to occur in the silk layers of the cocoon of the Þrst generation and in the inner layers of the cocoon of the second generation of M. corumbae as well as in the single cocoon type of Lithurgus huberi Ducke and has been assumed to give hardening and rigidity to cocoons (Mello and Garó falo 1986, Mello et al. 1987) . Sclerotization may also be responsible for missing of the blue ßuorescence in the cocoon wall of L. chrysurus treated with ANS owing to impairment of staining of protein hydrophobic residues by steric hindrances, a Þnding also observed in the cocoon of the Þrst generation of M. corumbae and in the single cocoon type of Li. huberi (Mello and Garó falo 1986, Mello et al. 1987) . Sclerotization may have occurred by polyphenols of the wood in contact with the cocoon.
Where the cocoon Þlaments stained with ponceau SS and displayed the phenomenon of linear dichroism, there is indication that the silk protein macromolecules have binding sites available to attach the dye molecules in an oriented way with respect to the long axis of the Þlaments (Vidal and Mello 2005) . This Þnding is an indirect demonstration of the oriented deposition of the Þlaments in the cocoon wall and is in agreement with the above-mentioned positive birefringence.
The above Þndings relate to samples of the cocoon wall identiÞed as the mid and end zones. They do not
Figs. 5؊6. Polarized light views of a 7-m-thick unstained cross section of the cocoon wall of L. chrysurus examined with a Þrst-order red compensator. While the background appears in red, the birefringence brilliance of the cocoon wall displays a blue interference color in the Þlaments positioned parallel to the gamma direction of the compensator (5; additive position); a yellow interference color appears when the same Þlaments were oriented perpendicular to the gamma direction of the compensator (6; subtractive position; positive birefringence). The arrows indicate the gamma direction of the compensator. Scale bar ϭ 20 m.
relate to the top of the cocoon, which is thick and exhibits evidence of an opaque white Þne-grained discharge on its outer surface (Rozen 2013: Figs. 8 and 9) . This is likely the same material that Rozen and Hall (2012: Figs. 28, 30, 31, and 36) documented in the cocoon of Trachusa larreae (Cockerell) because of it color and texture, and because in both cases it is discharged after defecation but before cocoon spinning begins or (in the case of T. larreae) at least before the cocoon spinning is completed. Future studies should address its source and composition.
Interestingly the earlier study of the cocoon of this bee (Rozen 2013: Figs. 13Ð15 ) did not detect a thicker rear zone of the cocoon, but the investigation of Lithurgopsis apicalis (Cresson) (Rozen and Hall, 2014: Figs. 41Ð 45) reported a conspicuously thicker layer at the rear of the cocoon. It seems likely that the section sampled close to the rear zone of the cocoon of L. chrysurus used here was the area where the inner and outer cocoon linings meet as shown in Rozen 2013: Fig. 14 . If this proves true, then the differences between the cocoons of these two species is that in Lt. apicalis air is exchanged through the rear of the cocoon whereas in L. chrysurus exchange takes place through a band of screened openings close to the rear of the cocoon.
As pointed out in Methods and Materials, the cocoon of univoltine L. chrysurus is similar (but not identical) in structure to the overwintering cocoons of bivoltine M. corumbae and unlike that of the brief Þrst generation of M. corumbae. Almost certainly this reßects the fact that the overwintering inhabitants of the cocoon are exposed to a much longer period of peril from parasites and predators and from environmental extremes. This condition of two generational-determined cocoon types per species has been demonstrated in other bivoltine or multivoltine bees such as Sphecodosoma (Halictidae: Rophitinae) (as Conanthalictus, Rozen and McGinley, 1976 ). An extreme example of seasonal adaptations of cocoon spinning is found in at least three species of Anthophorula (Apidae: Exomalopsini), in which over-wintering larvae are protected by cocoons and the brief early gener- ation consists of noncocoon spinners . Larvae of both generations are identical in that each has transverse, projecting salivary lips apically situated on a protuberant prementum.
Postscript
While M.L.S.M. was examining cocoons of L. chrysurus described above, J.G.R. and H. Glenn Hall (Rozen and Hall 2014) studied the nesting biology of Lt. apicalis, leading to the following observation on its cocoon construction: "While watching one of the cocoon-spinning larvae on 14 June 2013, we noticed that it had spun a thin, mostly transparent network of Þbers near the large opaque cushion composed of feces and pollen held together with silk. The larva actively stretched silk Þbers across open spaces from one point Figs. 14؊17. Seven-micrometer-thick cross section of the L. chrysurus cocoon treated with ANS. The cocoon wall does not exhibit ßuorescence when examined with a UV barrier Þlter of ϭ 410 nm (14), but shows the same ßuorescence color as the pollen grains when examined with the other UV barrier Þlters (arrows; 15Ð17; 15Ñred; 16Ñgreen; 17Ñyellowish green). i, cocoon lumen; o, outermost region. Scale bar ϭ 20 m. Fig. 18 . Cocoon section treated with the alcian blue solution at pH 2.5. This structure remained unstained while a positive staining is revealed in the pollen grains (p) and in a very thin Þlamentous material intimately close to the outermost zone of the cocoon wall (arrow). i, cocoon lumen. Scale bar ϭ 10 m.
to another. After doing this for a short time, it switched behavior and rapidly stroked the ventral surface of its head forward and backward against the network of Þbers, ßowing and brushing a thin clear glob of semiliquid silk from its salivary opening. Almost immediately the silk solidiÞed between the Þbers into a thin transparent Þlm. After a short time, the larva returned to adding Þbers to the network. Later it again released more semiliquid silk adding to the Þlm by thickening and spreading it. The window-like deposits were highly reßective (ibid: Fig. 36 ). This is compelling evidence that the thin clear material covering Þbers on the inner surface of cocoons of this and other Megachilidae is silk and not a composite material, suggested as a possibility by . No liquid was observed being voided from the larvaÕs anus, which would have been expected if the clear material were from the Malpighian tubules."
